A dual-band coil antenna is proposed for MHz band on-body Wireless Body Area Network (WBAN) applications by near-field coupling, with relatively low attenuation from the human body. The proposed antenna has two operating frequencies at 48.2 and 57.6 MHz with the measured −10-dB bandwidth 47.9-48.6 MHz and 57.1-58.2 MHz, respectively. Matching circuits are used to reduce the antenna size and tune the resonant frequencies. A human phantom is used for the antenna simulation and measurement. Reflection and transmission coefficients and electric and magnetic field distributions of the proposed antenna are shown, and 1-g and 10-g average Specific Absorption Rate (SAR) and the maximum safety input power are calculated to evaluate the antenna's radiation safety.
Introduction
In recent years, Wireless Body Area Networks (WBANs) for medical applications are improving rapidly thanks to the advance of integrated circuits and wireless communications. WBAN enables long-term dynamic health monitoring and realtime updates of patient status information [1] . Heart rate, blood pressure, oxygen saturation and other vital signs are sampled and processed by sensors and communicated with external hubs or networks for diagnosis and treatment [2] .
WBAN communication links can be divided into off-body, on-body, or in-body links, and different links have different antenna design methods [3] . For on-body links, antennas are typically designed as Planar Inverted-F Antennas (PIFAs) [4] , patch antennas [5] , folded antennas [6] , slot antennas [7] , or just electrodes [8] . In order to attach to the human body, the antenna structure should be small-size and low-profile, and its communication performance should be low interference with other antennas [9] .
WBAN communications typically use Medical Implant Communication Service (MICS) band, Wireless Medical Telemetry Service (WMTS) band, Industrial, Scientific and Medical (ISM) band, or ultra-wideband (UWB) [10] . However, since the human body is a lossy dielectric material, signal attenuation increases with frequency. Low attenuation can be realized by lowering the antenna resonant frequency, and communication in the MHz band is a possible option. By using the MHz band impulse-radio (IR) communication system, WBAN communication can realize good performance in the MHz band. In [11, 12] , a 10-60 MHz IR transceiver was proposed and used for Electrocardiogram (ECG) based human body and implantable medical communication. Due to the transceiver's wide transmission band, high data rates and interference immunity can be realized.
In this paper, a dual-band coil antenna is proposed for 10-60 MHz band onbody WBAN applications. The proposed antenna communicates with other antennas via near-field coupling with operating frequencies of 48.2 and 57.6 MHz, as two signal strong frequencies of the IR transceiver. The antenna size is 60 Â 60 Â 1 mm 3 , can be integrated with the IR transceiver for high data rate communications. The matching circuit is used to miniaturize the antenna and tune the resonant frequency. The ground plane is used to reduce the interference with other devices, since WBAN communications typically use multiple devices. Reflection and transmission coefficients and electric and magnetic field distributions of the proposed antenna at 48.2 and 57.6 MHz are demonstrated, and 1-g and 10-g average Specific Absorption Rate (SAR) and the maximum safety input power are calculated to evaluate the antenna's radiation safety.
2 Antenna structure and design [13] . Due to manufacturing errors and parasitic capacitances, the simulated and the measured capacitor values are slightly different. For the proposed antenna, Cs 1 and Cs 2 change from 5.6 and 6.5 pF (simulation value) to 6.8 and 5.6 pF (fabrication value).
Taking into account the human body's electromagnetic energy absorption, a human phantom with dimensions of 160 Â 100 Â 48 mm 3 ; is used for simulation and measurement, as shown in Fig. 1(b) . The measured human phantom dielectric constant " r and conductivity σ are 75.4 and 1.46 S/m. In order to simplify the simulation, the measured electrical properties are used for the simulation model in the entire frequency range.
Simulation and measurement results
A prototype antenna is fabricated and photographs are shown in Fig. 1(c) , with the measurement environment. Resonant frequencies of the proposed antenna are tuned to 48.2 and 57.6 MHz, as two signal strong frequencies of the IR transceiver. Simulated and measured reflection coefficients of the proposed antenna is shown in Fig. 2(a) . The simulated and the measured results are basically the same, and the measured-10-dB bandwidth of two bands are 47.9-48.6 MHz and 57.1-58.2 MHz, respectively. Air gap exists between the antenna and the phantom due to the equipment packaging thickness in practical devices [7] . In the measurement, air gap width can be adjusted by covering low dielectric constant plastic film on the phantom. The resonant frequency difference of different air gap width d 1 is simulated, and results are shown in Fig. 2(b) . It can be seen that increasing air gap width will shift the resonant frequency higher due to the decreasing effect from the human body.
The antenna communication performance is simulated and measured, and results are shown in Figs. 2(c) and (d) . Although implantable antennas are not proposed in this paper, and communication performance is evaluated by two identical on-body antennas, compact and low profile implantable antennas for MHz band WBAN communications will be designed in the future. As can be seen, measured results are consistent with simulated results. However, due to the weak coupling between coaxial cables at low frequencies, measured transmission coefficients are slightly higher than the simulated results. The cable coupling can be decreased by reducing the length of coaxial cables. The electric field and magnetic field distributions of y-z plane at 48.2 and 57.6 MHz are shown in Fig. 2(e) . It can be seen that the communication is mainly carried out by magnetic field and electric field attenuates quickly in the phantom due to the high dielectric constant characteristics of the phantom. Moreover, the radiation of magnetic field at 48.2 MHz is stronger than at 57.6 MHz, which is consistent with the transmission coefficient results in Figs. 2(c) and (d) .
SAR is calculated for the evaluation of radiation safety. The IEEE C95.1-1999 standard and the IEEE C95.1-2005 standard restrict the 1-g and 10-g averaged SAR over any tissues to be less than 1.6 and 2 W/kg [14] . The simulated 1-g and 10-g averaged SAR values at 48.2 and 57.6 MHz are calculated with 1 W net input power, as shown in Table I . The maximum safety net input power can be calculated as 0.2 W.
Conclusion
In this paper, a dual-band coil antenna for MHz band on-body WBAN applications has been demonstrated. The proposed antenna has a compact size of 60 Â 60 Â 1 mm 3 , and has two operating frequencies at 48.2 and 57.6 MHz with the measured-10-dB bandwidth 47.9-48.6 MHz and 57.1-58.2 MHz, respectively. Reflection and transmission coefficients are simulated and measured by two identical proposed antennas with 50 mm intervals. The electric field and magnetic field distributions at 48.2 and 57.6 MHz are shown and the 1-g and 10-g averaged SAR and the maximum safety net input power are calculated.
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